Although the presence of crystalloids has historically been of largely academic interest or simply an intriguing curiosity, these structures have occasionally been useful in the differential diagnosis of some tumors. Crystalloids have only rarely been reported in mesotheliomas, and their presence in these tumors has not been sufficiently investigated, nor has their potential value as an ultrastructural marker for mesothelioma been established. The finding of a case of mesothelioma in which the vast majority of the neoplastic cells contained intracytoplasmic crystalloids prompted a search for these structures in 69 consecutive cases of mesothelioma (59 epithelioid, 7 sarcomatoid, 3 mixed-epithelioid sarcomatoid). Crystalloids were found in 9 (15%) of the 59 epithelioid mesotheliomas, indicating that these structures are not as rare as had been thought. That these inclusions were demonstrated in tumors exhibiting diverse histological patterns and were not confined to a single subtype of epithelioid mesothelioma indicates that, because of their unique morphology, when present, they can assist in the diagnosis of these tumors. In addition, oncocytic features were also seen in one of the cases with crystalloid inclusions. Pathologists should be aware of the fact that, even though uncommon, mesotheliomas can present oncocytic morphology and, therefore, these tumors should be included in the differential diagnosis of those neoplasms that display similar morphological features, and which can metastasize to the serosal membranes. To my knowledge, an oncocytic mesothelioma has not previously been reported. Keywords: crystalloids; electron microscopy; immunohistochemistry; mesothelioma; oncocytic mesothelioma Crystals and crystalloids have been reported in both intracellular and extracellular locations in a wide variety of tumors. Their presence constitutes an important marker for the diagnosis of certain tumors, such as alveolar soft part sarcomas and juxtaglomerular cell tumors.
Crystals and crystalloids have been reported in both intracellular and extracellular locations in a wide variety of tumors. Their presence constitutes an important marker for the diagnosis of certain tumors, such as alveolar soft part sarcomas and juxtaglomerular cell tumors. [1] [2] [3] As a large number of crystalloids were seen in the vast majority of the neoplastic cells in a biopsy of an epithelioid mesothelioma submitted for ultrastructural evaluation, and as these structures have rarely been reported in these tumors, and their value as an ultrastructural marker in this diagnosis has not yet been fully established, I was prompted to search for crystalloids in 69 consecutive mesothelioma cases.
The purpose of this article is to provide a detailed ultrastructural description of nine epithelioid mesotheliomas containing abundant crystalloid inclusions, including one that also exhibited oncocytic features. Pathologists need to be aware that, because of their unique morphology, these structures can serve as a useful ultrastructural marker of mesothelioma. Additionally, given that mesotheliomas can present oncocytic morphology, they should be included in the differential diagnosis of tumors that exhibit similar morphology and can metastasize to the serosal membranes. To my knowledge, oncocytic mesotheliomas have not previously been documented.
Materials and methods
Out of the 69 mesotheliomas that were investigated for crystalloids, 59 were diagnosed as epithelioid, 7 as sarcomatoid, and 3 as mixed epithelioid and sarcomatoid. Tissue specimens were fixed in 10% buffered formalin and processed routinely for light microscopy. Sections were cut and stained with hematoxylin-eosin, Mayer's mucicarmine, and Alcian blue (pH 2.5), and periodic acid Schiff (PAS) with and without diastase digestion. Samples for electron microscopy were fixed in 2% glutaraldehyde in phosphate buffer, post-fixed in 1% osmium tetroxide, and embedded in Epon epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate. An average of four EM blocks was studied for each case. Immunohistochemical studies were performed using the avidin-biotin-peroxidase complex method in a Dako Autostainer (Carpinteria, CA, USA). The primary antibodies used are listed in Table 1 . The immunoperoxidase staining was done using the LSAB2 peroxidase kit (Dako). To enhance the immunostaining, a heat epitope retrieval procedure was performed using a Black-and-Decker vegetable steamer (Shelton, CT, USA). Briefly, deparaffinized sections were placed in a thermoresistant container filled with a buffer solution. Depending upon the antibody, the buffer solutions used were either sodium citrate buffer (pH 6.0) or a 1:10 solution of Tris-EDTA buffer (pH 8.0). The antigen-antibody reaction was visualized using either 3,3 0 -diaminobenzidine or 3-amino-9-ethylcarbazole as chromogen. To evaluate the specificity of the antibody, known positive and negative tissues were used as controls.
Results

Clinical Findings
Seven patients were male and two were female, ranging in age from 53 to 74 years (mean, 61 years). There was a history of asbestos exposure in six patients and smoking in five patients. In all of the cases, the mesothelioma originated in the pleura. Seven of the patients died of disease 5 to 55 months (mean, 17 months) after diagnosis, one patient is alive with no evidence of disease at 60 months, and there was no follow-up information available for the remaining patient. Clinical information is summarized in Table 2 .
Light Microscopic Findings
Most of the tumors were composed of cuboidal cells, often arranged in a tubulopapillary or solid pattern (Figures 1a-d) . The vast majority of the neoplastic cells had eosinophilic cytoplasm in most of the cases; but in three, there were focal areas in which the cells exhibited clear or finely vacuolated cytoplasm ( Figure 1a ). In one case (case 3), some of the cells had signet ring-like morphology (Figures 1e and f), and in another (case 5), the tumor was primarily composed of confluent sheets of polygonal cells with abundant dense eosinophilic cytoplasm exhibiting oncocytoid features (Figures 1g and h ). In two of the cases, there were areas in which the (Figure 1f) . None of the cases were mucicarmine-positive. The most significant light microscopic findings are summarized in Table 3 .
Immunohistochemical Findings
Immunohistochemical studies showed diffuse, strong reactivity for calretinin and podoplanin in the neoplastic cells in all nine cases. The staining for calretinin was both cytoplasmic and nuclear ( Figure 1b) ; whereas, that for podoplanin was membranous and occurred mainly along the apical surface of the cells (Figure 1h ). In addition, cytoplasmic staining for keratin 5/6 and nuclear positivity for WT-1 was observed in seven of seven cases and in six of eight cases stained for these markers, respectively (Figures 1c and d).
No reactivity was seen for CEA, TAG-72 (B72.3), MOC-31, or CD15.
Electron Microscopic Findings
Ultrastructural studies demonstrated that the neoplastic cells rested on a basal lamina and that the neighboring cells were often joined by well-developed desmosomes. The apical surfaces were often covered by a large number of long, slender, branching microvilli. The most common striking feature in all of the cases, however, was the presence of large numbers of crystalloids that, in some cells, were found primarily or exclusively within the cell cytoplasm, whereas in others, they were extracellular (Figures 2a and b) . The most common type of intracytoplasmic crystalloids consisted of rigid, hollow tubules with a honeycomb structure that were located within the cisternae of rough endoplasmic reticulum (Figures 3a, b and 4). Although these were observed in six cases, they were particularly abundant in case 1, in which they were identified in the majority of the neoplastic cells Large amounts of intracellular and extracellular multilayered crystalloid material. ( Figures 2a and b) . Although much more limited in number, the same type of crystalloid material was also present in the mesothelioma that exhibited oncocytoid features (case 3, Figures 5a and b) . In two of the cases, in addition to the tubular crystalloids, a multilayered crystalloid material was also observed within the rough endoplasmic reticulum that appeared as a curved, scroll-like, or circular array frequently encircling the tubular crystalloids (Figures 6a and b) . In another case, however, the multilayered crystalloids appeared as straight, rigid structures, occupying almost the entire cytoplasmic area in some cells (Figure 7a ). Tubular crystalloids were not found in this case.
Crystalloids were also occasionally seen in extracellular locations. In some cases, they appeared as tubular structures, whereas in others, they had a multilayered configuration (Figures 7b and 8) . Extracellular tubular crystalloids were found in four cases. One of these cases was characterized by the presence of large amounts of medium electrondense material, presumably hyaluronic acid, or hyaluronic acid containing proteoglycans in which the tubular crystalloids appeared to be embedded ( Figure 9 ). Multilayered crystalloids were found in the interstitium where they appeared as straight, rigid structures (Figure 7b ), or in close relation to microvilli, sometimes giving the impression of coating these structures (Figures 10a and b) .
Discussion
Crystals and crystalloids are relatively uncommon in tumors and when they occur, they are usually of interest to pathologists, not only because of their striking morphology, but also because they may serve as tumor markers in some instances. The type of crystals described in the present investigation has only rarely been reported, and neither their relationship to the various histological types of mesotheliomas nor their frequency have been investigated. In 1996, Hammar et al 4 reported four cases of mucicarmine-positive epithelioid mesothelioma with crystallized material associated with microvilli that, on cross section, had a hollow tubular appearance. This crystallized material was also noted in the cytoplasm of one of the cases. The authors also described one case with another type of crystalloid inclusion consisting of complex multilayered sheaves within the cisternae of the endoplasmic reticulum. These inclusions, which had previously been described by Henderson et al 5 in the neoplastic cells of a pleural effusion from a patient with mesothelioma, were thought to be secretory products of the rough endoplasmic reticulum that could not be transported and secreted by the cell. Since the publication of the two previously mentioned studies, only one additional case of an epithelioid mesothelioma with large amounts of multilayered intracytoplasmic crystalloid inclusions has been reported. 6 According to the authors of this report, crystalloid inclusions in mesotheliomas are very rare, as they found them in only 1 of the 200 mesotheliomas they had studied by electron microscopy. That I was able to find crystalloid inclusions in 9 of 69 consecutive mesothelioma cases indicates that these structures are not as rare as was previously thought.
Histologically, all of the cases in which crystalloids were found were epithelioid mesotheliomas. As they were found in all histological subtypes of these tumors, their presence indicates that they could serve as a broad marker of mesothelioma.
Even though no crystalloids were found in any of the seven sarcomatoid mesotheliomas investigated, this finding does not necessarily indicate that these structures do not occur in this type of tumor as the number of cases examined was too small to draw this conclusion.
In contrast to Hammar et al, 4 who reported mucicarmine positivity in all four of their mesothelioma cases with crystalloids similar to those seen in the present series, none of the cases in the current study were mucicarmine positive. The cause of the differences in these results is unclear. Because Alcian blue positivity was observed along the lumens of the signet-ring cells in the cases that also showed medium electron-dense material in that location (case 3, Figures 1f and 9 ), and this staining was markedly reduced after pretreatment with hyaluronidase, demonstrates that the material most likely represents proteoglycan. 4 That the case in which intracytoplasmic crystalloids were seen in most of the neoplastic cells (case 1) was Alcian bluenegative indicates that the tubular crystalloids may not represent crystallized proteoglycan, as has been previously suggested. 4 This case, however, did demonstrate a minute amount of intracytoplasmic, PAS-positive material after diastase digestion. As the crystalloids seen by electron microscopy were quite numerous, whereas the PAS-positive material was extremely scanty, it is unclear as to whether this material actually corresponds to the crystalloids.
Electron microscopy was once regarded as the 'gold standard' in the diagnosis of mesothelioma. This technique has seen a general decline in usage in recent years, because of the supposed expenses involved and the specialized knowledge required to interpret the results, and it has largely been replaced by immunohistochemistry. Even though a large number of immunohistochemical markers that can be used to assist in distinguishing between epithelioid mesotheliomas and carcinomas are currently available, none of them is absolutely specific and, therefore, the diagnosis of mesothelioma is based on the use of panels composed of markers that are frequently expressed in mesotheliomas, but not in carcinomas (positive mesothelioma markers) and those that are commonly expressed in carcinomas, but not in mesotheliomas (negative mesothelioma markers). 7, 8 In some instances, however, due to the aberrant expression of some of these markers or the presence of other unexpected findings, such as the presence of mucicarmine positivity in a mesothelioma, the use of electron microscopy becomes critical to establish the correct diagnosis. Traditionally, mucicarmine positivity has been regarded as a characteristic finding in adenocarcinoma that, when present, can help in distinguishing these tumors from mesotheliomas, which are generally considered to be mucicarmine-negative. Hammar et al, 4 however, demonstrated that mesotheliomas can be mucicarmine-positive, even though this is an uncommon finding. In addition to being mucicarmine-positive, all four of their mesothelioma cases with crystalloids were also CEA-positive. As the intensity of the reaction was reduced or eradicated by pretreatment with hyaluronidase, the authors suggested that hyaluronic acid may have been responsible for the CEA positivity. Additionally, they reported focal CD15, B72.3, and Ber-EP4 positivity in one of the cases in which the aberrant reaction was also affected by treatment with hyaluronidase. In contrast to Hammar et al 4 cases, none of the mesotheliomas in the present series exhibited CEA expression, a finding that suggests that the CEA positivity seen in Hammar et al 4 cases most likely represents a cross-reactivity of the polyclonal antibody used in that study. Although none of the immunohistochemical markers investigated in the present series were found to be aberrantly expressed in any of the cases, aberrant expression of most of these markers, including CD15, B72.3, and Ber-EP4, has been documented in mesotheliomas in the literature, 9 thus demonstrating the need for both electron microscopy and the recognition of new ultrastructural markers for mesothelioma.
One of the cases in the present study that merits further discussion is the mesothelioma with oncocytic features. Malignant oncocytic tumors are relatively uncommon and, to my knowledge, they have not been documented as arising in the serosal membranes, although they have been reported in a variety of other organs, including the thyroid, 10 pancreas, 11 adrenal gland, 12 and prostate. 13 Mesotheliomas primarily composed of large polygonal cells having deeply eosinophilic cytoplasm are rare and have been reported under the designation deciduoid mesothelioma.
14 In these cases, the cytoplasmic changes are the result of the accumulation of large amounts of intermediate filaments. Histologically, the pleural tumor in the present study was made of large polygonal cells with dense eosinophilic cytoplasm that, by electron microscopy, was demonstrated to be the result of the accumulation of a large number of mitochondria.
The differential diagnosis of epithelioid mesothelioma with oncocytic features includes a wide variety of carcinomas made of large polygonal cells with deeply eosinophilic cytoplasm. 15 One of the light microscopic findings that can assist in the diagnosis of oncocytic tumors is the cytoplasmic granularity, but this feature is not always related to the presence of mitochondria, as it can occur as a result of the cytoplasmic accumulation of a large number of neurosecretory granules, as has been reported to occur in some medullary carcinomas of the thyroid, 15 or lysosomes, as seen in granular cell tumors. 16 Several anti-mitochondrial antibodies, such as the mES-13 and the 113-1 mouse monoclonal antibodies, are commercially available and can be successfully used on routinely fixed and processed specimens. These antibodies have been used in the demonstration of mitochondria in normal and neoplastic tissues, including mitochondria-rich tumors. 17, 18 Although the oncocytic tumors in these studies have been reported to be invariably, and often strongly, positive, some cases have been reported in which there were a significant number of cells that were only weakly positive or even negative. 17 Furthermore, it should be pointed out that, although some tumors may exhibit strong reactivity with an anti-mitochondrial antibody, and have a relatively large number of mitochondria, the number of mitochondria might not be sufficient to fulfill the criteria for a diagnosis of an oncocytic tumor. Because of this, electron microscopy remains the best and most accurate technique for confirming the oncocytic nature of a tumor by providing a direct observation of the number of mitochondria present in the neoplastic cells. In the present case, cytoplasmic granularity was not apparent on the hematoxylin-eosin-stained sections; therefore, electron microscopy proved to be critical in determining the oncocytic character of the tumor. It should be mentioned that, in some instances, the ultrastructural features of these organelles may provide further insight into the diagnosis of the tumor. For example, the demonstration of mitochondria with tubular cristae in the eosinophilic-rich variant of chromophobe carcinoma of the kidney is a valuable ultrastructural finding that can assist in distinguishing these tumors from both renal oncocytomas and the granular cell variant of conventional renal cell carcinoma. 19 In conclusion, the crystalloid inclusions described in this study are not a rare finding in mesotheliomas, and because of their unique morphology, when present, they can serve as an ultrastructural marker of mesothelioma. The case with oncocytoid features illustrates that not only is electron microscopy still helpful in the diagnosis of mesotheliomas, but it also provides a better understanding of the morphological features observed by light microscopy.
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